Nucleation and growth of silver nanoparticles has already been investigated with various experimental and computational tools. However, owing to inherent problems associated with the analytical characterization of nucleation processes, there is a general lack of experimental data regarding the earliest precursors and smallest Ag (0) clusters. Here, we address this problem by the application of Synthetic Boundary Crystallization Ultracentrifugation, utilizing a multiwavelength detector for the first time, complemented by a specialized titration assay. These techniques shed new light on silver nanoparticle precursors existing in the pre-nucleation regime, and the initially nucleated ensemble of nanoclusters. For the first time, we present experimental data of UV-Vis spectra for fractionated silver clusters. These allow for unsurpassed insights into the sequence of nucleation and early growth species as well as their optical properties.
Introduction
Nucleation is the fundamental event in many phase transitions, and thus is of great importance for various reactions and processes. 1 Thanks to its great relevance, nucleation has been intensely studied for more than 100 years. The rst quantitative concept to describe nucleation phenomena, Classical Nucleation Theory (CNT), was based upon the ideas of Gibbs, 2 and was eventually nalized by the pioneering work of Becker and Döring. 3 This theory has been modied over the years, [4] [5] [6] [7] and alternative approaches have also been introduced, which do not rely upon any assumptions about the homogeneity of nuclei, and do not require the division of their free energy into a bulk and a surface contribution. 8 Later, the so-called two-step mechanism was introduced to explain the considerable deviations between experimentally determined nucleation rates and CNT predictions, especially close to the critical point. [9] [10] [11] Recently, the view on nucleation has been further extended by the so-called pre-nucleation cluster pathway. 12 In this case, thermodynamically stable (with respect to monomers in solution) pre-nucleation clusters serve as fundamental solute precursors to phase-separated entities via a nanoscopic liquid-liquid separation event.
All of these different pathways require experimental verication, and detailed molecular insights are needed to expand and rene the models-or even refute their applicability. This is, by principle, very difficult to obtain for nucleation processes, since the relevant species are small, highly dynamic, and also transient. A further complication arises from the fact that nucleation processes can be very fast, owing to the high levels of supersaturation that are, for example, crucial to achieve narrow particle size distributions, 13 and thus challenge existing analytical methods.
Currently, one of the best-suited techniques to time-resolved studies of nucleation, as well as early particle growth processes, is X-ray scattering. With synchrotron light sources, a time resolution of 200 ms can be achieved. 14 More recently, reaction times down to 100 ms could be studied even on a standard laboratory instrument, by taking advantage of a continuous ow experiment. 15 With a stopped-ow device and synchrotron radiation, species can be observed in time intervals as short as 10 ms aer mixing. 16 The same time resolution was achieved in a reaction tube and free reactant jet, coupled to a rapid mixing device; this was achieved by observing the reaction products with SAXS and TEM, aer shooting the grids through the free jet and rapidly cooling in liquid nitrogen. 17 Here, the formation of liquid droplets was observed during the very early stages, strongly suggesting that CNT is not applicable in this case. With a free jet set-up coupled to laminar mixing, the time resolution at a synchrotron beamline could be increased by an impressive factor of 100, allowing the observation of reaction times as short as 75-100 ms. 18, 19 This time resolution seems to be the current limit of SAXS or WAXS experimentation at synchrotron beamlines. While this is certainly sufficient to observe early growth species, and perhaps also nucleation phenomena for many systems, SAXS gives only average particle size and shape information, which can be complemented by crystal structure information via simultaneous WAXS investigation. Nevertheless, it is certainly desirable to observe a sequence of growth species from pre-nucleation species and intermediates to larger nanoparticles, and to determine their composition and properties. While a free reactant jet is in principle highly suitable for such analysessince it allows different analytical methods to be applied along the jet and thus the capture of species formed at different times even if they require long integration timesit is not always possible to capture the nucleation and early growth species, due to the current time resolution limit of approximately 75-100 ms. 18, 19 To circumvent this problem, an analytical ultracentrifuge (AUC) method was developed, called "Synthetic Boundary Crystallization Ultracentrifugation". 20, 21 The idea behind this approach is to bring two reactants together in a so-called synthetic boundary cell. Speeding up the ultracentrifuge rotor leads to the formation of a sharp reaction boundary. If the overlaid reactant is added in tiny amounts, the chemical reaction that leads to the nucleation and growth of particles will occur only for a short time. Following this, particle growth of nucleated species is no longer possible, because they leave the reaction zone and become subject to fractionation, and characterization, in the AUC. 20, 21 AUC was shown to provide very high particle size resolution in theÅngström range, even for complex mixtures and sizes down to below 1 nm, with ultimate statistical relevance, as every particle of the ensemble is detected. 22, 23 Moreover, it proved to be one of the very few reliable techniques to quantitatively characterize prenucleation clusters, 24 since electron microscopy is limited by insufficient statistical sample sizes, leading to fundamental issues when it comes to the statistically signicant detection of very small and rare species in solution. [25] [26] [27] Mass spectrometry, on the other hand, has the inherent problem that it is not clear per se if the detected species truly reect the solution composition, since some species might be problematic to transfer into the gas phase, or might be even generated articially upon ionization. 25 The advantage of Synthetic Boundary Crystallization Ultracentrifugation is that the technique works especially well for fast reacting systems, where the chemical reaction is nished within the rst seconds of the experiment; this therefore provides well-dened initial conditions for the nucleation of the ensemble of sedimenting particles and the startpoint of sedimentation. However, the advantage of high resolution analysis could not be utilized at the time when the method was rst introduced, due to the lack of suitable methods for the evaluation of the experiments. 20, 21 Nowadays, powerful evaluation programs like SEDFIT 28 and ULTRASCAN 29 are available, and provided that the reaction is fast, a static sample (i.e. the particles do not grow upon fractionation) will be investigated, which can be evaluated with algorithms developed for band sedimentation experiments. 30 These yield the sedimentation coefficient distributioneven corrected for diffusion broadeningthat can be converted into the corresponding particle size distribution.
In addition, a UV-Vis multiwavelength detector has been developed within the so-called open AUC project, 31 which allows for the measurement of UV-Vis spectra at each point in the AUC cell, and thus combines the excellent size resolution of AUC with spectral information for each of the detected species. [32] [33] [34] Such a detector is especially promising for the investigation of the nucleation and early growth species of semiconductors and metal nanoparticles, because of their sizedependent optical and electronic properties. 35, 36 This would allow for particle size analyses withÅngström resolution, yielding the UV-Vis absorption spectra for each identied species, potentially even starting in the pre-nucleation regime.
The nucleation of silver nanoparticles has been investigated with a series of different techniques. 37 The reduction of silver salts by sodium borohydride and tetraoctylammonium acetate was rst studied utilizing UV-Vis spectrometry by Rothenberg et al. 38 Henglein et al. studied the g-irradiation induced formation of colloidal silver from AgClO 4 solutions, where citrate was used as a stabilizer. 39 They postulated two growth mechanisms that depend on the citrate concentration: the condensation of small silver clusters (type-I), and the reduction of Ag + on the particles via radical-to-particle electron transfer (type-II). When the concentration of citrate was too low, coalescence of the formed silver nanoparticles occurred. Harada and Katagiri studied the photo-reduction of AgClO 4 solutions in the presence of poly(N-vinyl-2-pyrrolidone) (PVP) utilizing SAXS. 40 They found that the rate of nucleation strongly depends on the initial metal concentration, which is at least qualitatively consistent with CNT, whereas the early growth processes can be subdivided into three distinct stages; reduction-nucleation, Ostwald ripening, and particle coalescence. The nucleation process yielded small particles of $2.5 nm average radius, whereas the ripening and coalescence processes led to particles of $11.5 nm average radius. All of this is, in principle, consistent with the Finke-Watzky mechanism; 41 this stipulates that the rst step in metal nanocluster formation via reduction with hydrogen is slow continuous nucleation, and the second step is autocatalytic surface growth, which is not controlled by diffusion. This mechanism provides several key predictions, such as a certain predominance of magic-number size nanoclusters, or the use of face-selective capping agents as a way to block the autocatalytic surface growth and, thereby, to provide a means to develop tailor-made nanoclusters. Richards et al. utilized a combination of TEM and UV-Vis techniques to study the growth of Ag-nanoparticles from a [(PPh 3 ) 2 Ag(O 2 CC 13 H 27 )] precursor. 42 They found that classical nucleation and growth, aggregative nucleation and growth, and Ostwald ripening occurred in consecutive experimental stages, whereby growth was dominated by the aggregative regime. Takesue et al. utilized time resolved SAXS experimentation (0.18 ms time resolution) to elucidate the aggregation-based formation of silver nanoparticles from silver nitrate solutions, and corroborated the existence of three distinct stages. 43 Their analyses showed that the silver nanoparticles were essentially formed from precursors that related to a peak diameter of $0.7 nm, which corresponds to the size of the Ag 13 cluster. The study suggests that this magic cluster is most likely the elementary growth unit which agglomerates to form silver nanoparticles. Woehl et al. studied the electron-beam induced nucleation of silver nanoparticles from silver nitrate solutions by means of liquidcell TEM, whereby the electron beam current could be used to control the growth mechanism. 44 Low electron beam dosage led to reaction-limited growth (yielding faceted nanocrystals), but high electron beam dosage resulted in diffusionlimited growth that yielded spherical crystals. Quantitative assessments of nucleation and growth rates suggested that the results could be explained by classical models. A gradual colour change from clear to yellow in silver nitrate solutions with sodium acrylate in the presence of NaOH was observed by Nishimura et al., who utilized UV-Vis and XAFS spectroscopy to study the process of Agnanoparticle formation in detail. 45 They found that the nucleation rate dramatically increased with an increase in NaOH concentration, and developed an alternative reaction channel via Ag + species (such as Ag(OH) x ). These can serve as intermediates in the reduction, increasing the formation rate of the nanoparticles in the presence of NaOH. Investigating the formation of silver nanoparticles from silver perchlorate, with and without PVP, by means of time-resolved in situ SAXS, Polte et al. found a four-stage mechanism. 15 Without PVP, within the rst 100 ms, particles of $1 nm size almost instantaneously formed, followed by a rapid increase in their number. The particles then grew to an average size of 4.6 nm, whereas the particle number decreased. Again, this is consistent with a growth mechanism via aggregation of nanoscale entities. With PVP, the precursor particles of $1 nm in size could be stabilized signicantly before coalescence occurred.
All of the above shows that there is a general lack of high-resolution data, especially for the formation of the rst tiny nanoparticleor rather nanoclusterprecursors, which appear to be fundamental growth units for subsequent Ag nanoparticle growth. 43 The motivation of the present study is to apply, for the rst time, a multiwavelength UV-Vis detection in Synthetic Boundary Ultracentrifugation experiments, and obtain unsurpassed information about the nucleation and early particle growth stages of silver nanoparticles. This model system has been chosen because it is literature known (see above), and allows for the combination of AUC experiments with titration experiments, which have proven to be very successful for the characterization of the early stages of CaCO 3 precipitation. 24 The titration assay is based upon the slow mixing of precursor solutions, and the continuous generation of supersaturation, which eventually leads to precipitation. This process can be followed in situ by parallel pH titration and ion potential measurements, and can be further complemented by redox potential and conductivity measurements. 46 The titration assay thus provides quantitative information on free and bound precursor species, which can be used to characterize pre-and post-nucleation solute associates using suitable thermodynamic models of speciation. 24 Moreover, the experimentation can be used to identify, categorize and quantify the multiple effects of additives during precipitation, and can thus provide novel insights into the mechanisms of additive-mediated crystallization control. 47, 48 Materials and methods
Analytical ultracentrifugation
For the AUC measurements, an UV-Vis multiwavelength AUC has been used. The setup has been described in the literature. [32] [33] [34] The rotor speed was 60 000 rpm. All experiments were performed at 25 C. In this work, we applied a 12 mm charcoal lled Epon double-sector synthetic boundary cell of the Vinograd type. This cell utilizes the centrifugal force to form a reaction boundary by layering NaBH 4 (r ¼ 0.9974 g mL À1 ) in a reservoir onto a more dense AgNO 3 /CTAB solution (r ¼ 1.1044 g mL À1 ) in one sector of a double-sector centrepiece via a thin capillary. The two solutions build a sharp boundary, at which the reaction takes place. Although the diffusion rate of the ions is very high, the fast reaction to an insoluble Ag cluster/ nanoparticle 43 prevents extensive diffusion broadening of the boundary.
The synthesis of the silver nanoparticles is roughly based on the recipe of Pal et al. 49 6 mL 10 mM NaBH 4 were layered onto 290 mL 0.1 mM AgNO 3 and 0.05 M CTAB solution in a 1 : 1 mixture of H 2 O and D 2 O. AgNO 3 was purchased from Roth, NaBH 4 from Merck and cetyltrimethylammoniumbromid (CTAB) from Acros. All chemicals were used as received.
The data were evaluated using the SEDFIT soware Vers. 14.1 and the models Analytical Zone Centrifugation ls-g*(s) called g(s) in the following for simplicity, and Analytical Zone Centrifugation c(s). The partial specic volume of the sample was taken as 0.0953 mL g À1 .
Titration assay
The principal set-up is described in detail elsewhere. 46 Here, we utilized an Agredox electrode (Metrohm, no. 6.0430.100), and a double junction pH probe (Metrohm, no. 6.0269.100), where the outer reference electrolyte was 3 M KNO 3 . Solutions for the titration were based on a recipe by Doty et al. 50 In brief, an aqueous 2.5 mM AgNO 3 and 2.5 mM trisodium citrate hydrate solution was dosed into 50 mL freshly prepared 10 mM NaBH 4 solution at a rate of 0.1 mL min À1 . The pH of the NaBH 4 solution was initially around $9.8, was then set to pH 9.73, and was subsequently held constant by automatic counter-titration with 0.25 M HNO 3 . The experimental duration was 1500 s.
For the measurements of UV-Vis spectra, a 600 mL sample was drawn aer 148 s, 370 s, 570 s, 750 s, 940 s, 1130 s, 1320 s and 1500 s of silver addition, and was directly measured each time on a Varian Cary 50 UV-Vis spectrometer, utilizing the soware Varian UV Scan Version 3.99(339). In another set of experiments, 600 mL samples were drawn aer 100 s, 160 s, 190 s, 220 s, 250 s, 280 s, 310 s, 340 s, 370 s, 400 s, 500 s, 600 s, 800 s, 1000 s, 1200 s and 1400 s of silver addition, and were measured accordingly, but aer the titration assay was nished (ripening for ca. 10-15 minutes for each sample).
AgNO 3 was purchased from Roth, NaBH 4 from Merck and trisodium citratehydrate from Sigma-Aldrich. All chemicals were used as received.
Results and discussion

Analytical ultracentrifugation
Overlaying of a NaBH 4 solution onto the AgNO 3 solution upon speeding up the ultracentrifuge rotor leads to an immediate reaction and the formation of Ag nanoparticles. Due to the fast reaction, particles can be generated and analysed at the very early stages, which is immediately obvious from their very slow sedimentation, even at the AUC's maximum speed of 60 000 rpm (corresponding to a centrifugal eld strength of 280 000g). The raw data show that the sedimentation is so slow that the peak in the sedimentation prole spreads out completely, thanks to diffusion broadening, before the sample has reached the bottom of the AUC cell ( Fig. 1 and Movie SI 1 †).
Following the sedimentation prole peak intensity evolution with time ( Fig. 2) , the intensity increases during the rst 6 scans (red scans in Fig. 2 ). This indicates that the amount of reducing agent was still slightly too high, so it was only used up completely aer 617 seconds, due to the need for ion diffusion for further reaction, despite the very fast reduction in the ms time range. 43 Therefore, these scans were excluded from further evaluation of the sedimentation coefficient distribution, as this requires static conditions for the sample, which were only reached aer 617 seconds. Although the relevant ion diffusion coefficients are 1.6 Â 10 À10 m 2 s À1 (Ag + ) 51 and 8.4 Â 10 À10 m 2 s À1 (BH 4 À ), 52 which would correspond to diffusion ranges of ca. 0.75 mm resp. 1.8 mm aer 617 s, the reaction boundary still does not spread signicantly, as a result of the opposite diffusion direction of the reacting ions and the immediate reaction.
The sedimentation coefficient distribution g(s) conrms the slow sedimentation of the nanoparticles, showing a maximum of 0.92 S (Fig. 3) . Aer correcting the distribution for peak broadening due to diffusion, much ner details of the sedimentation coefficient distribution can be observed, indicating the presence of eight species in the mixture. Since the model-free calculated g(s) envelopes the diffusion-corrected c(s), the diffusion-corrected distribution is relevant.
The sedimentation coefficient s can be converted to the particle diameter d using a modied form of the Svedberg equation valid for hard spheres:
with solvent viscosity h and density r, with index P indicating the quantities for the sedimenting particle and index S for the solvent.
The problem with this conversion is that the particle density is typically unknownespecially for very small particles, or clusters, where the stabilizer shell contributes signicantly to the particle density. Therefore, the density has to be estimated by applying a core-shell model, with the core having the bulk silver density of 10.49 g mL À1 and the shell having the density of CTAB (0.50 g mL À1 ). This approach yields particle-size dependent densities. 53 For these calculations, the thickness of the shell is very importantmuch more than the density of the surface layer. This is benecial, since the density of a surface layer consisting of solvent and surfactant is not precisely known. 53 We have performed a calculation of the particle size distribution, assuming a CTAB double layer with a thickness of the stretched CTAB molecule of 1.89 nm ( Table 1) . It becomes immediately obvious that very small species were detected in the performed AUC experiment. The very small particle size further conrms that the reaction leading to Ag (0) formation was denitely nished, and that the species, which were detected, no longer grew during the sedimentation experiment, at least aer 617 seconds. Otherwise, much larger particle sizes would have been detected, since time-resolved synchrotron XRD has revealed nanoparticle sizes >5 nm already aer 1 ms aer reactant mixing. 43 However, it appears unrealistic that a continuous CTAB layer coats nanoparticles as small as 1.5-5 nm. Therefore, this calculation is certainly a limiting case, that does not reect reality particularly well. The other extreme case is to assume that no CTAB stabilizer adsorbs on the very early-formed particles. In this case, the density of silver can be used directly as the particles' density. This particle size distribution is shown in Fig. 4 . The real particle density will then be somewhere in between these two extremes, which gives us the possibility of determining a realistic particle size range for each of the 8 detected species.
The range of particle sizes determined for the eight detected species between the two particle density extremes is rather large in terms of relative deviations (Table 1) . However, when considering the absolute deviations resulting from the two limiting cases of realistic densities, it is obvious that the resolution between the detected species is in theÅngström range.
It is certainly realistic to assume that the stabilizer shell is, unlike the CTAB bilayer, very small, and therefore the particle core sizes should be closer to that for the uncoated silver than to the CTAB coated nanoparticles. Certainly, hydration layers will play a role, but adding a monolayer of water to the nanoparticles leaves the calculated particle size virtually unchanged (data not shown). Making this assumption, we can preliminarily allocate literature known species to the species detected in the AUC experiment.
It has been suggested that Ag as well as Au clusters grow as icosahedra, representing thermodynamically preferable states. 54 Therefore, the rst fully completed silver icosahedron is the Ag 13 cluster of 0.7 nm diameter (diameter Ag(0) 0.288 nm; Ag(I) 0.252 nm). 37 The second full-shell silver icosahedron, Ag 55 , is 1.2 nm in diameter. 37 Unfortunately, although we can detect the particle sizes with Angström resolution, the unknown particle density still creates a certain level of uncertainty, so that the direct identication of distinct species is not yet directly possible with the data in Table 1 . However, due to the unique possibilities of the multiwavelength detector, which can oen already provide important information on samples directly from the experimental raw data, 55, 56 we can try to allocate the UV-Vis spectra of the eight detected species in Fig. 4 . Currently, SEDFIT 28, 30 allows for the evaluation of synthetic boundary experiments but does not yet allow for evaluation of multiwavelength data, and so far ULTRASCAN 57 only has commonly available routines for multiwavelength evaluation of boundary sedimentation runs. This currently hinders us in directly allocating a spectrum to a certain nanoparticle size in the diffusion corrected particle size distribution c(d).
However, we can rearrange the equation for the calculation of sedimentation coefficient s from the boundary position r at a certain time:
with radius r (index m refers to the meniscus), sedimentation coefficient s, angular velocity of the rotor u, and time t when the scan was recorded. This allows for the allocation of UV-Vis spectra taken at a location r corresponding to a scan time t for a given sedimentation coefficient of one of the eight species in Fig. 3 . It is therefore possible to obtain one UV-Vis spectrum for each scan. Since a number of scans were taken, several UV-Vis spectra can be averaged, improving the data quality. The overlay of these scans is shown in Fig. 5 for all eight species. We notice two absorption maxima for the smallest species at 400 and 450 nm. The maximum at 400 nm decreases for the next three larger species until it vanishes completely, while the 450 nm peak slightly but continuously blue-shis from 451 nm to 443 nm with increasing particle size.
It must be noted that these spectra are still affected by neighbouring species in the sedimenting boundary, because a diffusion correction of the radial and spectral range is not yet possible for synthetic boundary experiments. However, since the sedimentation transport prevails over diffusion transport with time, due (2) for silver nanoparticles for all species. The particle size is given including a water monolayer.
to the t 1/2 dependence of mean displacement by diffusion, averaging the scansespecially those at later experimental timessharpens out the spectra for the species identied in the particle size distribution.
Titration assay
In order to complement the AUC analyses, we have investigated the early stages of Ag-nanoparticle formation, utilizing a titration assay. In brief, 2.5 mM aqueous AgNO 3 solution was dosed at a constant rate of 0.1 mL min À1 into 50 mL aqueous 10 mM NaBH 4 , where 2.5 mM citrate was present as a capping agent in the silver solution. A direct conceptual transfer of the AUC experiment was unfortunately not possible, owing to the rather low solubility of CTAB at room temperature. This did not matter that much in the AUC experiments; the low solubility of CTAB is a problem in the titration assay, as these experiments take a while, and so the CTAB precipitates. The AUC experiments are faster and require a 25 times smaller AgNO 3 concentration than the titrations. Therefore, in the AUC experiments, CTAB typically does not precipitate.
In order to avoid precipitation of the CTAB capping agent in the titration experiments, and any possible interference with the early stages of Ag precipitation, we utilized citrate instead (note that citrate does not act as a reduction agent in the case of silver). 39 The pH of the sodium borohydride solution was kept constant at pH 9.73 AE 0.05 using 0.25 M HNO 3 in an automatic counter-titration. On one hand, this is necessary, owing to the continuous decomposition of borohydride, NaBH 4 + 4H 2 O / NaB(OH) 4 + 4H 2 [, which produces hydroxide ions according to B(OH) 4 À # B(OH) 3 + OH À . However, on the other hand, there is a sudden increase in the HNO 3 titration upon the continuous addition of the silver solution ( Fig. 6, red arrow) , while maintaining a constant pH of 9.73 AE 0.05. The curves are well reproducible, and show a distinct increase in the titration rate when 7-8 Â 10 À7 mol Ag + have been added, indicating a sudden release of base in the system (the pH offset before and aer this event is <0.02 pH units Fig. 6 ). Quite the contrary; reduction of Ag + by BH 4 À is expected to lead to a minor decrease in pH, due to the generation of boric acid. Considering the signal of the redox electrode (Fig. 7A) , we cannot detect any signicant changes that would not directly correlate with the minute changes in pH (Fig. 7B ). This suggests that Ag(I) reduction cannot be detected within experimental accuracy throughout the experiment. Furthermore, any decrease in pH due to Ag(I) reduction by BH 4 À is likely to be concealed by the continuous decomposition of NaBH 4 (see above). Consequently, the redox reactions alone cannot explain the distinct release of base aer the addition of ca. 7-8 Â 10 À7 mol Ag + to 50 mL 10 mM NaBH 4 solution (red arrows in Fig. 6 and 7) . UV-Vis spectra drawn from samples from the titration assay at different times are shown in Fig. 8 , which highlight that a distinct change occurs upon crossing this characteristic point. Before the obvious sudden release of base (which occurs at an added amount of 0.62 mmol Ag + , black spectra in Fig. 8 ), there is no shoulder at the onset of the water absorption band at $250 nm, and the peak at $394 nm is absent. Directly aer the characteristic event (at an added amount of 1.5 mmol Fig. 8 UV-Vis spectra directly measured after solutions were drawn at different times from the titration assay. The respective amounts of substance quoted in the legend (A, overview) correspond to the added amounts of Ag + at the time of sampling. The spectra were collected directly after the samples were drawn, and ripening effects do occur (see Fig. 9 ). B and C show magnified spectral regions. For explanation see text.
Ag + , red spectra in Fig. 8 ), a shoulder develops at around 210 nm, and the peak at $395 nm steadily increases upon further addition of silver, indicative of the generation of more and more silver nanoparticles. Altogether, we can conclude that the characteristic event of base release (red arrows in Fig. 6 and 7) corresponds to the nucleation event of metallic silver nanoparticles. It remains unclear whether or not there is a sudden onset of the redox reaction, but our data clearly shows a sudden release of base.
When the solutions are allowed to ripen for ca. 25 minutes, the spectra of the samples drawn at different times throughout the experiment no longer differ with regard to the absorption at $250 nm (Fig. 9A ). This suggests that all states are critically metastable, with induction times on the order of minutes. However, the continuous increase in the intensity of the absorption peak at $395 nm shows that more and more silver nanoparticles are formed when an increasing amount of silver has been added ( Fig. 9B) . Within experimental accuracy, we cannot detect any shi in this absorption band during the experimental duration. In any case, the titration data provide evidence that there is a distinct prenucleation regime, and show that the transformation of pre-nucleation precursors towards nucleated silver(0) clusters/nanoparticles leads to a distinct generation of free base. In our experiments, this occurs at an overall silver concentration of $20 mM, whereas basic species released from an amount of 0.7-0.8 mmol silver ionsand/or atomsrequire neutralization by ca. 7 mmol H + (Fig. 6, red arrow) . This may be explained by the formation of alternative Ag + species within the silver precursor solution, as well as upon addition of the silver solution to the borohydride solution. These may be Ag(OH) x as suggested by Nishimura et al. 45 Thus, signicant amounts of hydroxide ions may be released from nucleation precursors upon the nucleation of silver(0) clusters and nanoparticles. However, the release of bound citrate molecules upon nucleation cannot be excluded, and likely contributes to the increased counter-titration rate. Thus, determination of the average composition of Ag-pre-nucleation species requires further experiments, e.g. employing silver ion-specic electrodes, and varying the capping agent concentration. In addition, future AUC experiments may provide insight into the sizes of these species, and whether they may or may not relate to highly dynamic pre-nucleation clusters, which are observed in an increasing number of systems. 12 
Conclusions
The titration assay shows that the nucleation of metallic silver nanoparticles/ clusters is preceded by a distinct pre-nucleation stage, which involves silver species bound to OH À (ref. 45 ) and most likely citrate ions. The redox state of silver species bound within these precursors remains currently unknown, however. It is a matter of speculation as to whether the structural form of these pre-nucleation species relates to highly dynamic chain-like assemblies, as suggested for calcium carbonate and phosphate pre-nucleation clusters. 58 In analogy to the pre-nucleation cluster pathway, 12 internal condensation of such precursors could underlie the event of phase separation, and be accompanied by a sudden release of distinct amounts of base, most likely OH À , and citrate. This event occurs at minor overall silver concentrations in NaBH 4 , showing that the nucleation of metallic silver is virtually instantaneous in the Synthetic Boundary Crystallization Ultracentrifugation experiment discussed herein. Thus, the titration assay provides new insights, especially into the very early (pre-)nucleation stages of silver nanoparticle/cluster formation. Future experiments will be designed to characterize these precursors, with respect to composition and size, in more detail.
The multiwavelength AUC experimentation allows the identication of different spectra for 8 distinct species formed upon virtually instantaneous nucleation in the reactive boundary zone (Fig. 3) . However, the differences between the spectra are not very pronounced, since they have not (yet) been corrected for the diffusion of neighbouring species. Diffusion correction is at present only possible for the radius domain, yielding c(s). 28 Thus, the hydrodynamic information hasÅngström resolution, but not yet the corresponding spectra; this is a future task for the open AUC project. 31 Extraction of spectra from the multiwavelength scans ( Fig. 5) shows that the nanoparticle/cluster species exhibit UV-Vis absorption maxima at $400 nm and $450 nm. This shows that the AUC experimentation can be utilized to extract UV-Vis spectra of dened Ag nanoclusters. This allows quantitative investigations into the effects of ligands and additives on size-dependent UV-Vis spectra, which could be complemented by ab initio modelling and simulation approaches in the future, potentially yielding novel insights into quantum effects.
The detected absorption maxima are typical for silver nanoclusters and nanoparticles. However, it must be noted that the interface of the Ag nanoparticles, the surrounding phase, and the type and quantity of the capping agent have profound effects on absorption maxima, as small changes in the electronic properties of the surrounding medium lead to strong peak shis. 59 Hence, the UV-Vis spectra from the titration assay (citrate-capped) cannot be directly compared to those from the multiwavelength AUC experimentation (CTAB-capped). A 400 nm absorption peak was reported for Ag 5 and Ag 9 mixtures in water; 60 although the capping agent differs, this may be the early species also observed in the AUC and titration experiments. This comparison, albeit with differing capping agents, suggests the occurrence of Ag 5 and Ag 9 clusters in both titrations and AUC experimentation. Regarding the evaluation of the derived sedimentation coefficients with respect to particle sizes, this in turn suggests that no CTAB is adsorbed on the very small Ag clusters. Instead, calculation of the particle size, taking into account the density effect of a single water hydration layer, appears most realistic for the very small species detected. Assuming spherical particles and cubic dense sphere packing allows the calculation of the corresponding atom numbers for each of the species ( Table 2 ). The absence of any CTAB layer on small Ag clusters may be crucial to explain aggregative growth regimes.
The derived atom numbers are very small, underpinning the idea that the earliest species formed upon nucleation have been detected. The smallest and most abundant species appears to be a single atom of Ag(0), or linear nanoclusters consisting of Ag 3 , which may not be unambiguously differentiated given the uncertainty of particle densities. Larger clusters appear to form from this basic unit, whereas we cannot detect Ag 13 -mediated growth, or a preferable cluster of this size assuming spherical particles. However, the thermodynamically preferable icosahedral Ag 13 (0.7 nm) and Ag 55 (1.2 nm) 37 could be also allocated to the 2.5 s resp. 8.3 s species. However, the formation of silver nanoclusters is clearly kinetically controlled during the initial stages investigated here, which does not necessarily lead to the formation of thermodynamically preferable states. 61 Sizes seem to be dened from AUC but so far, no distinct correlation to a particle structure/size is possible due to the unknown particle density.
Within the notions of CNT, the very small sizes of silver clusters suggest that the size of the critical nucleus is already close to n ¼ 1 at very low silver concentrations, and the barrier to phase separation observed in the titration experiments cannot be immediately rationalized. However, the occurrence of alternative silver pre-nucleation precursors could give rise to barriers within the notion of a pre-nucleation cluster pathway towards silver nanoparticles. Thus, silver nucleation in aqueous solution may be another example for phase separation via pre-nucleation clusters.
